Abstract: A wide variety of polyphenolic compounds (i.e., 4-methylcoumarins, xanthones, pyrazoles, and pyrazolylacrylonitriles) have been examined for their antioxidant effect on NADPH-catalyzed liver-microsomal lipid peroxidation with a view to establishing their structure-activity relationship. Dihydroxy-/diacetoxy-4-methylcoumarin derivatives have been shown to be radical scavengers. The effect of nine different xanthones has been examined on the modulation of cytokine-induced expression of intercellular adhesion molecule-1 (ICAM-1) in human endothelial cells. 1,4-Dihydroxyxanthone showed enhanced antioxidant activity as well as ICAM-1 inhibitory activity.
INTRODUCTION
Considerable progress has been made in recent years in relating aging to oxidation in biological cells. The reactive oxygen species (ROS), causing oxidation in biological cells, are mainly involved in detoxification of invading organisms and chemicals, but stray ROS also initiate lipid peroxidation in healthy cells. Lipid peroxidation initiated by oxygen radicals eventually results in membrane degradation and cell death [1] , leading to diverse pathologies such as Alzheimer's disease, atherosclerosis, diabetes, Parkinson's disease, etc. [2] . Thus, reduction of the rate of these life-limiting metabolic processes by use of chemicals has been a subject of much interest [3] [4] [5] . Even the induction of human cancer involves a multistep process, initiated with DNA damage by endogenous ROS and exogenous activated carcinogens. This is followed by oncogene activation and tumor suppressor gene mutations, which finally lead to the alteration of different signaling pathways. Cell cycle arrest, apoptosis, cell proliferation, and cell differentiation are all mediated through signal transduction processes and appear to be important executive targets for cancer chemoprevention.
Intensive efforts are being made to discover newer antioxidants with greater efficiency to intercept the processes of oxidative stress. In this connection, minor dietary constituents, especially plant-based foods, have come under intensive scrutiny [6] . Phytopolyphenols are widespread in the plant kingdom and are important not only for contributing to the flavor and color of many fruits and vegetables, but are also playing a crucial role in cancer chemoprevention. The important groups of phytopolyphenols in food are flavonoids and isoflavonoids, which comprise flavones, flavanones, flavonols, isoflavones, and anthocyanidines. We have investigated the antioxidant effects of different classes of polyphenolics.
COUMARINS
Coumarins are widely distributed in the plant kingdom, and 4-methylcoumarins are claimed to display various beneficial pharmacological properties [7] [8] [9] [10] .
We have, for the first time, isolated analogs of 4-methylcoumarins, i.e., troupin (4-methyl-6-hydroxy-7,8-dimethoxycoumarin) [11] and trigocoumarin [3-(ethoxycarbonyl) methyl-4-methyl-5,8-dimethoxycoumarin] [12] from Tamarix troupii and Trigonella foenumgraecum, respectively. The leaves of T. troupii are used for the treatment of dysentery, chronic diarrohea, and leucoderma, while the seeds of T. foenumgraecum are used for treating colic, dysentery, chronic cough, and diabetes [13] . Unsubstituted coumarins have been found to be toxic since they undergo oxidative decarboxylation, to form very stable complexes with heavy metals inside the body [14] . On the other hand, 4-methylcoumarins are found to be resistant to oxidative decarboxylation and, hence, are nontoxic. In recent years, our laboratory has been engaged in studying the chemistry and biological effects of 4-methylcoumarin derivatives 1 [15, 16] . We have systematically studied the effects of acetoxy, hydroxy, and methoxy substituents in a wide variety of 4-methylcoumarin derivatives on initiation, propagation, and chain termination of lipid peroxidation in rat liver microsomes [17] .
The inhibitory effects of monohydroxy-or monoacetoxycoumarins were very marginal, though there was a quantum jump in the potency of dihydroxy and diacetoxy derivatives 2-6 to retard the initiation of lipid peroxidation. 4-Methylcoumarins 2-6, having two hydroxy or two acetoxy groups in the benzenoid ring at positions ortho to each other, have shown strong antioxidant and radical scavenging properties [17] , and inhibition of TNF-α induced intercellular adhesion molecule-1 (ICAM-1) expression on endothelial cells (unpublished results). These compounds could suppress nearly 90 % of lipid peroxidation. In addition, these dihydroxy-and diacetoxycoumarins were found to possess the ability to terminate the radical chain reaction and propagation of lipid peroxidation and also exhibited excellent radical scavenging potency. Moreover, dihydroxy-and diacetoxy thiocoumarins 7 were found to possess better inhibitory activity than the corresponding dihydroxy-and diacetoxycoumarins 2-3 (unpublished results).
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We have proposed a mechanism of action for their antioxidant effect (Scheme 1) [17] . It is quite clear that such resonance-stabilized radicals in differently substituted flavonoids are known to confer radical scavenging properties on flavonoids. We believe that there exists the possibility of the conversion of DAMC (7,8-diacetoxy-4-methylcoumarin) 3 to DHMC (7,8-dihydroxy-4-methylcoumarin) 2 in the presence of the initiating free radical, such as peroxy radical or superoxide radical through the formation of reactive ketene (Scheme 1).
These properties of the coumarin derivatives highlight them as superb antioxidants. Investigations on several types of flavonoids point to the fact that the catechol moiety in these structures contributes to the antioxidant activity [18] [19] [20] . The reason for this strong antioxidant activity of ortho or peri dihydroxy systems can be explained by taking into account the stability of the transient seminquinone radical formed after the H-atom transfer to a free radical. The intramolecular hydrogen bond in the radical, in fact, is several kcal/mol stronger than in the parent phenol (Scheme 2) [21] . Of the different dihydroxy-and diacetoxy-4-methyl coumarins, 7,8-dihydroxy-(DHMC, 2) and 7,8-diacetoxy-4-methylcoumarin (DAMC, 3) possess maximum radical scavenging property (Table 1) . We have also used the pH metric techniques to study the mechanistic action of DAMC and DHMC to inhibit lipid peroxidation. These studies confirm the formation of a stable ADP-Fe-inhibitor (e.g., ADP-Fe-DHMC) mixed ligand complex, thereby inhibiting the formation of ROS responsible for lipid peroxidation [22] . Further, pulse radiolysis studies were undertaken to explain the antioxidant action of DAMC. Accordingly, DAMC and DHMC were separately reacted with the system generating azide radicals and the resulting transient spectra were recorded [23] . We have proposed that the mechanisms of scavenging of ROS by DAMC and DHMC are similar [23] . Further work to support this generalization is in progress. However, the results given in Table 2 confirm our observation that both the compounds 2 and 3 scavenge superoxide radicals very efficiently. These results suggest that the free radical-mediated oxidation of DAMC and DHMC initially produces a radical cation that may lose an acetyl carbocation or a proton, respectively, to produce similar kind of phenoxy radicals (Scheme 3). We have further extended our studies and synthesized a new series of 4-methylcoumarin derivatives bearing different functionalities viz. halo, unsaturated hydrocarbon chains, etc. They have been screened for the evaluation of their antioxidant activities by β-carotene-linoleate model system [24] . This test system too has established that the antioxidant activity of monohydroxycoumarins is less than that of dihydroxycoumarins (unpublished results).
XANTHONES
ROS are primary signaling molecules in regulating the expression of various cell adhesion molecules, especially ICAM-1 on endothelial cells. The higher expression of ICAM-1 leads to increased infiltration of proinflammatory leukocytes, especially neutrophils, at the site of immune activation and hence plays an important role in various inflammatory diseases [25, 26] . Xanthones inhibit lipid peroxidation and influence the generation of ROS that in turn leads to the decreased expression of cell adhesion molecule and, subsequently, decreased inflammation [27, 28] . These facts led us to investigate the mechanisms underlying the anti-inflammatory activities of xanthones and their structure-activity relationship. We have synthesized various hydroxy-, acetoxy-, and methoxyxanthones 8-15 and studied their effect on the initiation of lipid peroxidation in liver microsomes to examine their antioxidant properties and TNF-α induced expression of ICAM-1 on endothelial cells (Table 3) [29, 30] . Monohydroxyxanthones showed high-to-moderate activity (Table 3) . On the other hand, the dihydroxyxanthones showed increased activity as compared to monohydroxyxanthones. The xanthones 13-15 having methoxy groups did not show any appreciable inhibition of initiation of lipid peroxidation or ICAM-1 expression. Further, it has been found that the inhibition of initiation of lipid peroxidation by 1,2-diacetoxyxanthone is comparable with that of 1-hydroxyxanthone 8 [29] . The lipid peroxidation activity of diacetoxy-xanthone 12 may be because of in situ enzymatic deacetylation of this compound leading to the formation of the corresponding dihydroxyxanthone. This in turn may be oxidized to the corresponding quinonoid species 12a, which may be responsible for the observed activities. Monohydroxyxanthones 8 and 9 do not show any activity due to their inability to form the corresponding quinonoid xanthones. In the case of dihydroxyxanthones, the stability of the orthoquinonoid species 12a is less than that of the para-quinonoid species 10a. Therefore, compound 10 exhibited maximum activity. Also, we have recently demonstrated that the compound 10 blocked the adhesion of peripheral neutrophils to human vein endothelial cell monolayers [30] . Surprisingly, the xanthone 15, in spite of having two hydroxy groups, does not exhibit any noticeable activity, which may be because of the fact that this compound cannot oxidize, consequently, no quinonoid structure form can be generated.
PYRAZOLES AND ACRYLONITRILES
Owing to the widespread uses of pyrazole derivatives in medicine [31] [32] [33] [34] [35] [36] [37] and other areas of human activity [38] [39] [40] [41] [42] [43] [44] , we have synthesized and evaluated the antioxidant activities of a large number of pyrazoles and their derivatives [45] . These include novel classes of heterocyclic compounds, i.e., pyranones (lactones) 16, 5-aryl-pyrazoles 17, 1,3-diarylpyrazoles 20, and acrylonitriles 18, 19, and 21.
We have investigated the structural influence of the pyranone and pyrazole derivatives upon both initiation and propagation steps. Pyrazolylacrylonitriles have neither radical scavenging ability, nor can they inhibit mixed function oxidase (MFO) (data not shown). However, the possibility exists that pyrazolylacrylonitriles form a stable complex with ADP-perferryl radical responsible for ROS forma-M. C. FOTI et al.
tion as seen earlier in the case of dioxygenated 4-methylcoumarins [22] . NADPH-dependent liver microsomal lipid peroxidation was assayed by the method of Ernster and Nordenbrand [46] . The results illustrated that pyranones did not exhibit significant activity to inhibit the initiation of NADPH-catalyzed peroxidation of lipids of rat liver microsomes, whereas the conversion of pyranones to arylpyrazoles and to 1,3-diaryl pyrazoles increased the activity by 0-to 11-fold in different cases (Tables 4  and 5 ). The maximum increase in activity has been observed in pyrazoles with unsubstituted phenyl ring/rings derived from the corresponding pyranones. In addition, methyl-or methoxyphenylpyrazolylacrylonitriles are found to have better antioxidant activity than unsubstituted, or fluoro-or chlorosubstituted phenylpyrazolylacrylonitriles. 
CONCLUSION
A wide variety of compounds have been synthesized and subjected to screening of their activity as antioxidants for the inhibition of NADPH-catalyzed peroxidation of rat liver microsomes and/or inhibition of cytokine-induced ICAM-1 expression, which has led to the identification of potent antioxidant compounds. This study may be a significant pointer in the development of clinical antioxidant agents.
